Abstract: In this paper, the microcavity effect in quantum dot infrared photodetectors (QDIPs) on a Si substrate, fabricated by means of metal wafer bonding (MWB) and epitaxial lift-off (ELO) processes, was demonstrated by comparing the photocurrent spectrum and the simulated absorption spectrum. Four QDIPs having a different cavity length of 1.7, 2.8, 3, and 3.4 μm were fabricated and compared with simulation based on the finite-difference time-domain method. The resonance peaks were observed in both photocurrent spectrum and absorption spectrum due to the microcavity formed by the bottom mirror of Pt/Au layer and the flat GaAs/air interface. The peak wavelength of the photocurrent spectrum in all four QDIPs on Si samples shows a good agreement with the simulated absorption spectrum. The bias-dependent photocurrent was also measured to study the microcavity effects more in depth. The ratio of the increased photocurrent under bias condition shows higher value in the microcavity QDIPs, showing that the microcavity contributes to generate photocurrent effectively. From these results, we believe that the MWB and ELO could be useful to make the microcavity in many integrated chemical and biosensing application.
Introduction
Integration of III-V semiconductors on Si substrate has been widely studied due to the possibility of low cost fabrication using Si substrate and excellent opto-electronic conversion efficiency of III-V material for opto-electronic devices [1] - [3] . A direct growth of III-V materials on a Si substrate in molecular beam epitaxy (MBE) or molecular organic chemical vacuum deposition (MOCVD) and a wafer bonding of III-V materials on a Si substrate are studied for the integration of III-V on Si substrate. The direct growth of III-V materials on a Si substrate can reduce the fabrication steps and be produced by a large scale [4] - [7] . However, it is difficult to make the high quality of III-V layers on Si substrate, compare to that grown on lattice matched III-V substrates. On the other hand, the wafer bonding technology can be achieved on any substrate whose surface is atomically flat. Most of all, the material characteristics do not change after the wafer bonding process and epitaxial lift-off (ELO) [8] - [11] . Metal wafer bonding (MWB) has an advantage of using a very thin gold layer of ∼20 nm, relying on the Van-der-Waals force, as compared to gold metal eutectic bonding which needs a thick gold layer of more than 200 nm. The ELO process has an advantage of skipping the chemical mechanical process (CMP) to remove the substrate.
Recently, quantum-well infrared photodetectors (QWIPs) and quantum-dot infrared photodetectors (QDIPs) have been actively studied using the microcavity structure to increase light absorption and quantum efficiency [12] - [17] . The enhanced performances of the QWIPs and QDIPs with the microcavity structure were reported by using distributed Bragg reflector (DBR) [12] - [14] or doublesided thick gold metals [15] - [17] . Usually, the DBR layer is formed by depositing the GaAs and the AlAs layer alternately. However, a very thick DBR is needed to obtain high reflectivity for the particular wavelength of light. With respect to the double-sided thick gold metals, this process uses gold eutectic bonding which needs high temperature to bond and CMP to etch the substrate. These methods make the sample growth and the device fabrication difficult. In this paper, we demonstrate the microcavity QDIP structure on Si substrate (B-QDIP) using MWB and ELO processes instead of using the DBR or double-side gold metals.
In our previous study, QDIPs on a Si substrate were fabricated successfully by means of MWB and ELO technologies [18] . According to our studies, B-QDIP showed the change of photoluminescence (PL) characteristics as well as the change of the spectral response of the device. It was revealed that the PL change was attributed to the cavity effect of the backside mirror of Pt/Au (bonding material) and the front side facet of GaAs/air. However, the cavity effect in the mid-infrared (MIR) spectrum of the QDIP has not been clearly demonstrated. To observe this, it was necessary to measure the reflectance of the B-QDIP in MIR wavelength region. However, it was impossible to measure the exact reflectance because the beam spot size (1 μm 2 ) of the MIR source was larger than the device size of the B-QDIP (800 μm 2 ) which had been fabricated using ultra-fast ELO technology [9] . Moreover, it was also quite challenging to obtain the reflectance of the thin bonding metal in the MIR region at cryogenic temperature. Therefore, a different approach should be taken to demonstrate the cavity effect in the MIR region.
In this work, we verify that the spectral response change of the B-QDIP originates from the microcavity effect by comparing the simulation and the experimental results of the B-QDIP devices on Si substrate. B-QDIPs with different cavity length are grown and fabricated to investigate the dependence of spectral response change on the cavity length. The absorption spectrum is calculated using finite-difference time-domain (FDTD) simulation for the corresponding structures. In this way, we find the origin of the spectral response change and show the microcavity structure in the QDIPs on Si with MWB and ELO processes. Finally, we investigate the effect of microcavity in more depth by measuring the bias-dependent photocurrent (PC) spectrum.
Experiment and Simulation

Device Fabrication
The four QDIP devices were grown by molecular beam epitaxy (MBE) and the detector samples have the cavity length of 1.7 μm (A), 2.8 μm (B), 3 μm (C), and 3.4 μm (D), respectively. The schematic diagram of the B-QDIP structures is depicted in Fig. 1 . The p-i-p QDIP structure was grown on a semi-insulating GaAs (100) substrate. The p-i-p QDIPs consisted of p+ GaAs contact layers, 75 nm spacer GaAs layers with a 3-nm-thick p-type modulation doped GaAs layer and a dot-in-a-well (DWELL) structure. In the DWELL active layer, 1.8 monolayer of InAs QDs, grown with the Stranski-Krastanov growth mode at 480°C, were sandwiched between a 7.1Å of In 0.18 Ga 0.82 As layer and a 42.7Å of In 0.18 Ga 0.82 As layer. The AlAs sacrificial layer was included in the growth of QDIP structure for the future ELO processing step. After epitaxial growth, Pt/Au (10/10 nm) was deposited onto both the QDIPs and Si substrates as a bonding material. The bonding was done by pressing two wafers together at room temperature. In the ELO step, the AlAs layer was selectively etched away by dipping the HF and aceton one to one solution and the GaAs wafer was lifted-off. The detailed growth and fabrication processes are described in reference [18] . Finally, the device was completed, followed by mesa etching and metallization. The different optical cavities were grown by changing a repetition number of cycle of active layers. For close comparison of the related structure, two devices, which are B and C, have different contact layer thickness only, which means these devices have a same thickness of the active layer. All device samples have the same device size of 800 μm 2 . They were fabricated in simultaneous processes and measured under the same condition. The PC spectrum of each QDIP device was measured at 77 K using Fourier transform infrared spectrometer (FTIR). In this FTIR system, a global source emitting MIR radiation along with a KBr beam splitter was used. Signals were amplified by a low-noise current amplifier (Keithley 428) and then embedded in the spectrometer. PC signals at zero voltage bias were compared with the calculated absorption results and were measured at various bias voltages to observe the microcavity effects.
Simulation
The absorption characteristics of fabricated QDIP devices were numerically investigated using an FDTD method with a perfectly-matched layer boundary condition. A commercial software, FDTD Solutions by Lumerical Inc., was employed for the simulations [19] . A planewave source was incident on the top surface of the QDIP device, and the power absorbed at the QD layers was calculated in the wavelength range from 3 to 9 μm. In the simulation, the material dispersion of GaAs, DWELL layers, and Pt/Au layers was also taken into consideration. In the FDTD simulation, the absorbed power was calculated according to the following formula [15] .
where ω, E, and ε is angular frequency, electric field, and permittivity. Therefore, the power absorption can be simply calculated using the electric field intensity and the imaginary part of the permittivity at QD absorbing layers.
In the FDTD simulation, each DWELL active region was assumed to be a 5-nm-thick single plane layer. Since the total thickness of the DWELL region is much shorter than the light wavelength, detail information on layer structures and QD shapes of the DWELL is not necessary in the FDTD simulation. The absorption coefficient of the QD layers was assumed to be 10 4 cm −1 at the wavelength of 6 μm according to Ref. [20] - [22] . Although the absolute value of absorption is influenced by the absorption coefficient, the relative absorption enhancement, which is the ratio of the absorption of the B-QDIP to that of as-grown QDIP, was found to be almost unchanged with the choice of the absorption coefficient. Fig. 2 shows the simulated results for B-QDIP sample A with the cavity length of 1.7 μm. The absorption spectrum of the B-QDIP sample shows several resonance peaks as a result of the cavityenhanced light absorption, whereas that of the as-grown sample shows nearly constant absorption in the simulated wavelength range. Fig. 2(b) and (c) shows the distribution of electric field intensity in QD absorbing layers at the wavelength of 3.2 and 3.9 μm, respectively. At 3.2 μm, where an absorption peak exists, strong absorption from the resonant standing wave pattern is observed at QD layers. However, relatively weak absorption is observed at 3.9 μm, which corresponds to anti-resonant condition. The simulated absorption spectra will be compared and discussed in the next section. Fig. 3 shows the PC response of the as-grown QDIP and the B-QDIP. The black and red lines indicate the photocurrent signal of the as-grown QDIP detector and the B-QDIP, respectively. The spectral shape of the as-grown samples B and C looks quite similar because the number of QD active layers is the same for samples B and C. On the contrary, the as-grown samples A, B, and D show different spectral shape which results from the difference in the number of active layers between samples A, B, and D. For all samples from A to D, the PC spectrum of the B-QDIP changes greatly from that of the as-grown QDIP. There exist resonant peaks in the spectrum for the B-QDIP samples and the number of peaks increases as the cavity length increases. This phenomenon can be easily understood from the optical cavity effect. In the optical cavity comprised of two plane mirrors, the resonance wavelength is proportional to the cavity length. 4 shows the relative enhancement of PC which is obtained by dividing the PC spectrum of the B-QDIP by that of the as-grown QDIP. Several successive peaks arising from the resonant cavity enhanced photo current are observed from all B-QDIP samples. This feature clearly shows the characteristics of microcavity effect in B-QDIP structures. When samples B and C are compared closely, the redshift of peak wavelengths is observed as the cavity length increases, though they have a same active layer thickness. In addition, the intensity of relative enhanced PC of sample C at the 3rd and the 4th peaks is increased compared to that of sample B. This changed PC spectra of samples B and C directly indicate the microcavity effects in the QDIP on Si fabricated using the MWB and ELO method, resulting in the resonant cavity enhanced photo-current. To find out the origin of the microcavity effect in B-QDIP, the absorption spectrum was calculated and compared. Fig. 5 shows the simulated relative absorption enhancement spectrum of each sample. Here, the relative absorption enhancement is obtained by dividing the absorption spectrum of the B-QDIP by that of the as-grown QDIP. The absorption spectra of all B-QDIP samples show several resonant absorption peaks, and the number of peaks increases as the cavity length increases, which is consistent with the experimental results in Fig. 3 . This resonant feature arises from the microcavity structure formed between the Pt/Au bonding layer and the flat GaAs/air interface. The simulated relative absorption enhancement is somewhat larger than the measured relative PC enhancement. This is because the capture probability of an electron was not considered in FDTD simulations, resulting in the discrepancy between the simulation and experiment results. The PC is a function of the escape probability for an excited electron and the capture probability. This means that the intensity of the relative enhancement cannot be directly compared between the absorption and the PC.
Results and Discussion
The peak wavelength of the measured PC spectrum in Fig. 3 and the simulated relative absorption spectrum in Fig. 5 are compared. Fig. 6 shows the peak wavelength for each peak number of the measured relative PC spectrum and the simulated absorption spectrum. In general, the peak wavelength of the relative PC and absorption spectrum shows a reasonably good agreement in all four samples. In all cases, the simulated peak wavelength is slightly higher than the measured peak wavelength, and the difference the difference between the experiment and simulation results tends to increase as the wavelength increases. This can be attributed to inaccuracy of refractive index data of materials at long wavelength or the small discrepancy in layer thicknesses between the actual structure and the simulation structure. Despite the small offset in peak wavelength between measurement and simulation, the variation of the peak wavelength with peak number shows consistent trend in all B-QDIP samples. The results in Fig. 6 clearly demonstrate the microcavity effect in the B-QDIP structure. Our resonant cavity enhanced B-QDIP results show that there are many possibilities to find applications of integration of IR sensors on silicon photonics platform using simple MWB and ELO processes.
To observe the microcavity effect in more detail, the bias-dependent PC spectrums of the sample C were measured, as depicted in Fig. 7 . The bias-dependent PC spectrums of the as-grown QDIP and the B-QDIP are shown in Fig. 7(a) and (b) , respectively. All voltage applied PC signals show the increased intensity and the same PC spectrum shape. No peak shift or change of the spectrum by applied bias was observed, indicating that the intrinsic QD characteristics are not changed. The tunneling probability of the photocurrent through the barrier is increased only by changing the bias voltage. The peak PC intensity at −2 V is 12 times higher than that at 0 V. On the other hand, the peak PC intensity at 2 V is 7.5 times higher than that at 0 V. The reverse biased PC of as-grown QDIP shows higher increment than the forward biased PC. This is due to the asymmetric structure, arising from the 40 nm of GaAs/Al 0.3 Ga 0.7 As superlattice just right above the p-type contact layer. This superlattice was inserted in the structure as a dark current blocking layer. On the contrary, the forward biased PC of B-QDIP shows higher increment than the reverse biased PC. This is because the two QDIP structures are inverted by MWB and ELO process. This interesting behavior can also be observed in the dark current density (J) -voltage (V) characteristics. The inset of the Fig. 7(b) is J-V characteristics of the as-grown QDIP and B-QDIP of sample C. The J in forward bias region of the as-grown QDIP shows almost identical current with that in reverse bias region of B-QDIP and the same trend in the other regions, showing the decalcomania characteristics of two QDIPs. The identical dark current level suggests that the material characteristics of QDs and epitaxial layers were not changed after MWB and ELO, which is also previously described in our literature [18] . Fig. 7(c) depicts the peak PC intensity enhancement of applied bias voltage (I bias ) versus to 0 V (I 0V ). The increased PC intensity value of as-grown QDIP and B-QDIP were extracted from 0.5 V and −0.5 V, respectively. The right y-axis indicates the ratio of the increment, obtained by the peak PC intensity enhancement of B-QDIPs divided by that of as-grown QDIPs. All ratio of increment are greater than one, indicating that under bias condition, the PCs of B-QDIPs are more generated than those of as-grown QDIPs. This result indicates that the microcavity contributes to the increased PC. The ratio of increment shows generally marginal compared to the other cavity structure which uses a double side thick gold layer or a thick DBR layer. This is due to the low reflectivity of the only one side of thin 10 nm of gold layer. However, we believe this marginal increment can be improved by optimizing the device structure. Our resonant cavity enhanced B-QDIP results show that there are many possibilities to find applications of integration of IR sensors on silicon photonics platform using simple MWB and ELO processes.
Conclusion
In conclusion, the microcavity effects in the QDIP on Si substrate fabricated with MWB and ELO techniques were demonstrated. The origin of the microcavity effect of the B-QDIP was also clarified by comparing the experimental and the simulation results. To investigate the microcavity effect, four QDIP samples with different cavity length were grown and fabricated on Si substrate. All PC spectra of B-QDIPs show significantly different features from those of as-grown QDIPs. In the B-QDIPs, the resonant peaks were observed and the number of peaks increased as the cavity length increased, indicating that the resonant cavity enhanced PC. The FDTD simulation was conducted to calculate absorption spectrum for each B-QDIP structure. The absorption spectrum of the B-QDIP shows several resonance peaks as a result of the cavity structure composed of the bottom mirror of Pt/Au layer and the flat GaAs/air interface, whereas that of an as-grown QDIP shows nearly constant absorption in the simulated wavelength range. The peak wavelength of the PC spectrum and the absorption spectrum shows a good agreement, indicating the microcavity effect in the B-QDIP definitely. In addition, this microcavity contributes to increase the generation of PCs, which we confirm from the bias dependent PC measurement. The demonstrated microcavity QDIP devices are expected to find various applications in integrated chemical and bio sensors.
